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Abstract
Patients at clinical high-risk (CHR) for psychosis show elevations in [18F]DOPA uptake, an estimate of dopamine (DA)
synthesis capacity, in the striatum predictive of conversion to schizophrenia. Intrasynaptic DA levels can be inferred
from imaging the change in radiotracer binding at D2 receptors due to a pharmacological challenge. Here, we used
methylphenidate, a DA reuptake inhibitor, and [11C]-(+)-PHNO, to measure synaptic DA availability in CHR both in striatal
and extra-striatal brain regions. Fourteen unmedicated, nonsubstance using CHR individuals and 14 matched control
subjects participated in the study. Subjects underwent two [11C]-(+)-PHNO scans, one at baseline and one following
administration of a single oral dose (60 mg) of methylphenidate. [11C]-(+)-PHNO BPND, the binding potential relative to the
nondisplaceable compartment, was derived using the simplified reference tissue model with cerebellum as reference tissue.
The percent change in BPND between scans, ΔBPND, was computed as an index of synaptic DA availability, and group
comparisons were performed with a linear mixed model. An overall trend was found for greater synaptic DA availability
(ΔBPND) in CHR than controls (p= 0.06). This was driven entirely by ΔBPND in ventral striatum (−34 ± 14% in CHR,
−20 ± 12% in HC; p= 0.023). There were no significant group differences in any other brain region. There were no
significant differences in DA transmission in any striatal region between converters and nonconverters, although this finding
is limited by the small sample size (N= 2). There was a strong and negative correlation between ΔBPND in VST and severity
of negative symptoms at baseline in the CHR group (r=−0.66, p < 0.01). We show abnormally increased DA availability in
the VST in CHR and an inverse relationship with negative symptoms. Our results suggest a potential early role for
mesolimbic dopamine overactivity in CHR. Longitudinal studies are needed to ascertain the significance of the differential
topography observed here with the [18F]DOPA literature.

Introduction

The majority of individuals who are at clinical high risk
for psychosis (CHR) experience attenuated positive
symptoms—positive symptoms that do not meet criteria
for syndromal psychosis due to being experienced with
lesser conviction levels or with minimal or no functional
impairment [1]. Approximately 30% of these individuals
develop a syndromal psychosis over 2 years. Many of
those who do not develop syndromal psychosis have other
psychiatric conditions (e.g., anxiety, depression) or have
persistent attenuated positive or negative symptoms [2].
Potential benefits of examining the neurobiology of psy-
chosis at this stage is that pathophysiological processes
can be separated from effects of illness, chronicity, treat-
ment, and hospitalizations.
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[18F]DOPA PET studies in CHR individuals have shown
that dopamine (DA) synthesis capacity is elevated in the
striatum in general and more specifically in the associative
striatum (AST) in CHR subjects [3–5], in line with the
evidence in schizophrenia [6]. Furthermore, the increase
predicted conversion to psychosis [7]. A SPECT study
using the alpha-methyl-para-tyrosine DA depletion para-
digm and the D2/3 radioligand [123I]–IBZM in 14 high-risk
patients and 15 control subjects demonstrated no differences
in change in striatal- binding potential between the two
groups, indicating similar D2/3 occupancy by DA [8]. The
authors did, however, observe that those patients with
higher baseline levels of positive symptoms demonstrated
greater reduction in symptoms after DA depletion [8]. One
study examined extra-striatal regions in the CHR period
with [18F]DOPA and found increases in the midbrain area
[9]. The [18F]DOPA uptake rate, Ki or Kcer

i
, is a measure of

a combination of aromatic-L-amino acid decarboxylase
(AADC) activity and vesicular loading in the presynaptic
terminal as well as DA turnover due to metabolism, while
the depletion paradigm measures availability of intrasy-
naptic DA. Another imaging technique that examines
intrasynaptic DA is the methylphenidate paradigm, used
extensively in the PET literature [10]. By combining D2

radiotracer imaging with a methylphenidate challenge,
which blocks the DA transporter and thus prevents reuptake
of DA into the presynaptic terminal, one can infer intrasy-
naptic DA availability. Here we used methylphenidate in
combination with [11C]-(+)-PHNO imaging.

[11C]-(+)-PHNO. [11C]-(+)-4-propyl-3,4,4a,5,6,10b-
hexahydro-2H-naphtho[1,2-b][1,4]oxazin -9-ol ([11C]-
(+)-PHNO) is a dopamine-3 receptor (D3R) preferring DA
D2R/D3R agonist. Unlike D2R antagonist radioligands
such as [11C]raclopride, [18F]fallypride, [11C]FLB457 or the
SPECT ligand [123I] IBZM, the specific binding of [11C]-
(+)-PHNO is highest in structures such as the globus pal-
lidus (GP) and the ventral striatum (VST), where D3R
density is high [11]. It was first radiolabeled with carbon-11
in 2005 [12], has robust binding in both striatal and extra-
striatal regions including midbrain and thalamus [13, 14],
and is sensitive to changes in DA release [15, 16]. An
advantage of [11C]-(+)-PHNO over other D2/3 radiotracers
such as [11C]FLB457, [11C]raclopride, and [18F]fallypride is
that it allows imaging both striatal and extra-striatal areas,
and the signal in all these regions can be quantified within a
2 h scan duration [17–22].

[11C]-(+)-PHNO has been previously used in CHR
patients. Mizrahi et al. examined stress-induced release of
DA in 12 CHR patients and matched controls and observed
increased release in AST and sensorimotor, but not limbic,
striatum in patients [23]. They did not report on extra-
striatal regions. However, in a follow-up paper in which
Mizrahi et al. examined stress-induced DA release in CHR

patients with and without cannabis use [24], they reported
that CHR subjects who were not using cannabis exhibited
greater DA release in limbic, associative, and sensorimotor
striatum, as well as substantia nigra, than did CHR subjects
who were using cannabis, and that greater release of DA
was related to higher baseline total negative symptom score
on the Structured Interview for Psychosis-Risk Syndromes
[SIPS; 25].

Here, we used [11C]-(+)-PHNO imaging combined with
a methylphenidate challenge to examine striatal and
extrastrial intrasynaptic DA availability in CHR patients
compared to healthy controls. We aimed to clarify whether
DA availability in the midbrain is enhanced as suggested by
[18F]DOPA studies in CHR previously, and to further
examine the topography of striatal DA abnormalities.

Methods

Subjects

Subjects were recruited at the Center of Prevention and
Evaluation (COPE), an outpatient research program for the
evaluation and treatment of attenuated positive symptoms at
the New York State Psychiatric Institute (NYSPI)/Columbia
University Irving Medical Center (CUIMC) in New York
City. The NYSPI Institutional Review Board approved the
research. All subjects provided written informed consent.

We recruited individuals between the ages of 18 and 30
who were required to have symptoms that met criteria for the
SIPS Attenuated Positive Symptoms Psychosis-Risk Syn-
drome (APSS) delineated in the SIPS [26–30]. The APSS
criteria require at least one positive symptom occurring at
least once weekly in the past month and scored between 3
and 5. Symptoms must not be better explained by another
psychiatric or medical condition. The syndrome is ruled out
by past or present syndromal psychosis (i.e., at least one
positive symptom scored 6, occurring for at least 1 h daily for
4 days weekly throughout 1 month, or causing severe dis-
organization, or endangering self or others). All patients in
this cohort met criteria for the Progression subtype of the
SIPS APSS syndrome, which additionally requires that at
least one positive symptom is new or has worsened by one or
more points in the past year. Consensus of individuals’ SIPS
scores and diagnostic categories were established by certified
administrators.

All participants were also evaluated with either the
Diagnostic Interview for Genetic Studies [31] or Structured
Clinical Interview for DSM-IV-I Disorders, Patient Edition
(SCID-I/P; [32]).

Exclusion criteria included lack of proficiency in Eng-
lish; a current or lifetime DSM psychotic disorder, includ-
ing affective psychoses; a DSM disorder better accounting
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for the clinical presentation; I.Q. < 70; medical conditions
affecting the central nervous system; marked risk of harm to
self or others; unwillingness to participate in research;
geographic distance; or a DSM diagnosis of current (but not
previous) substance or alcohol abuse or dependence. Use of
any psychotropic medication was exclusionary, as was any
use of any substance of abuse (confirmed via urine tox-
icology). We also recruited healthy control subjects who
met similar criteria to CHR individuals except that they did
not meet criteria for any psychosis-risk syndrome on the
SIPS, did not meet criteria for any Axis I disorder on the
SCID or Diagnostic Interview for Genetic Studies, were
nonsubstance using, and had never taken psychiatric med-
ications. The study sample is described in Table 1.

Subjects were screened with clinical laboratory
tests, vital sign assessments, electrocardiography, physical
and psychiatric examinations, and the Clinical Global
Impression-Severity scale [33] before participation. Sub-
jects were evaluated every 3 months for up to 2 years for
potential conversion to syndromal psychosis.

PET and radiochemistry methods

[11C]-(+)-PHNO was prepared by N-acylation of the
despropyl precursor with [11C]-propionyl chloride followed
by reduction of the resulting amide with lithium aluminum
hydride and purification by reverse-phase high-performance
liquid chromatography [12]. All scans were 120min,

following a single, 2 min, bolus injection of [11C]-(+)-PHNO.
PET studies were performed on a Siemens mCT hybrid PET/
computed tomography (CT) scanner (Siemens, Knoxville,
TN). An intravenous catheter was inserted in the antecubital
vein for tracer injection. After being properly positioned on
the scanner bed, each subject was fitted with a polyurethane
head immobilizer system molded around the subject’s head
(Soule Medical, Tampa, FL) to reduce head motion during the
PET scan. Fifteen minutes before ligand injection, a 7 s CT
scan was performed for attenuation correction. Following
injection, three-dimensional emission data were acquired in a
list mode, rebinned into a sequence of 21 frames of increasing
duration (3 × 20 s, 3 × 1min, 3 × 2min, 2 × 5min and 10 ×
10min), and, following correction for scatter, random coin-
cidences, dead-time and attenuation, were reconstructed by
filtered backprojection using manufacturer-supplied software
(Siemens).

Each subject received two [11C]-(+)-PHNO PET scans
separated by at least 5 h in order to minimize potential
mass-carryover effects [Table S1; 14]. A 60 mg oral dose of
methylphenidate was administered to all subjects 1 h before
the second scan. This dose of methylphenidate has been
shown to produce a robust displacement in radiotracer
binding [10, 34]. All subjects received continuous EKG and
vital sign monitoring for 3 h or until vital signs returned to
baseline, whichever came later, after methylphenidate
administration. A licensed and ACLS-certified physician
was present at all times during methylphenidate

Table 1 Group demographics
and scan parameters.

CHR
(N= 14)

Healthy controls
(N= 14)

Age (years) 22.4 (2.8) 22.7 (2.8)

Gender 9M, 5F 8M, 6F

Race 2C, 6AA, 5M, 1As 3C, 5AA, 5M, 1As

Ethnicity 5 Hispanic, 9 non-
Hispanic

5 Hispanic, 9 non-
Hispanic

Smoking status 1 smoker, 13 nonsmokers 14 nonsmokers

Injected activity (MBq; Baseline/Post-
Methylphenidate)

228 (107); 188 (143) 195 (119); 195 (149)

Injected mass (ug; Baseline/Post-
Methylphenidate)

1.9 (0.5); 1.6 (0.3) 1.6 (0.4); 1.6 (0.4)

Methylphenidate Blood Levels 0 min (ng/ml)a 17.9 (15.8); N= 10 14.0 (10.9); N= 14

Methylphenidate Blood Levels 15 min (ng/ml)a 23.4 (15.5); N= 11 17.6 (9.7); N= 14

Methylphenidate Blood Levels 30 min (ng/ml)a 25.5 (12.9); N= 11 21.3 (11.9); N= 11

SIPS total positive symptoms (Baseline; Post-
Methylphenidate)

15.36 (3.46); 15.43 (3.32) –

SIPS total negative symptoms (Baseline) 14.8 (4.1) –

SIPS total disorganization symptoms (Baseline) 10.0 (2.9) –

SIPS total general symptoms (Baseline) 10.4 (3.2) –

Continuous variables presented as mean (SD).

M Male, F Female, C Caucasian, AA African American, M Mixed, As Asian.
aThe timing of methylphenidate blood levels is relative to the start of the second PET scan.
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administration and monitoring. Patients were assessed with
the full SIPS before methylphenidate administration and
with the positive symptoms of the SIPS 3 h after methyl-
phenidate administration. As an additional precaution, all
patients were admitted to an inpatient psychiatric research
unit after receiving their dose of methylphenidate for close
monitoring of symptoms and discharged the next morning.

A T1-weighted anatomical magnetic resonance imaging
(MRI) scan was acquired for each subject and used to
draw regions of interest (ROIs) for each individual. ROIs
included AST (pre- and post-commissural caudate and pre-
commissural putamen), sensorimotor striatum (SMST, post-
commissural putamen), VST, GP, thalamus, a midbrain
region including substantia nigra and ventral tegmental area
(SN/VTA), and cerebellum as a reference tissue [11]. PET
data were coregistered to subjects’ MRIs using a maximiza-
tion of mutual information algorithm implemented in SPM12
[35]. ROIs were applied to the coregistered PET images. Left
and right sides were averaged and time activity curves were
generated as the average ROI activity in each frame.

PET data analysis

Reference tissue-based kinetic modeling was performed on
all data using a basis function version of the simplified

reference tissue method. The primary outcome measure was
the binding potential relative to the nondisplaceable com-
partment (BPND) [36] at baseline and post-methylphenidate
challenge in each ROI. The fractional change in BPND
across conditions (ΔBPND) was computed as the relative
change between baseline BPND and BPND following
methylphenidate administration:

ΔBPND ¼ BPND post methylphenidateð Þ � BPNDðbaselineÞ
BPND baselineð Þ :

ΔBPND was taken as an index of synaptic DA
availability.

Statistical analyses

Group level differences in demographics, clinical variables,
and scan parameters were examined using independent
groups t-tests for continuous variables and Pearson Chi-
square tests for categorical variables. BPND and ΔBPND were
tested with a linear model in a mixed model framework with
group as a fixed effect and ROI as repeated measure, using
the gls function from the nlme package in R [37]. Rela-
tionships between clinical parameters and BPND were ana-
lyzed using Pearson correlation coefficients.

Results

Fourteen CHR individuals and 14 matched control subjects
completed all study procedures (Table 1). One additional
CHR participant did not undergo the post-methylphenidate
PET scan due to a radiochemistry failure. Two additional
control subjects who had completed screening were unable
to participate due to one radiochemistry failure and one PET
scanner technical failure. There were no significant differ-
ences in group demographics or scan parameters between
the two groups. There were no significant differences in
plasma levels of methylphenidate between the two groups.
All subjects received both PET scans on the same day

Table 2 BPND and ΔBPND in CHR and control subjects.

CHR (n= 14) HC (n= 14) p (group effect) ES (d)

Baseline Post-MP ΔBPND (%) Baseline Post-MP ΔBPND (%) BPND ΔBPND ΔBPND

AST 2.27 (0.2)* 1.9 (0.12) −16 (8) 2.44 (0.3) 2.09 (0.18) −14 (7) 0.44 0.80 0.25

SMST 2.22 (0.24) 1.56 (0.23) −29 (10) 2.44 (0.32) 1.8 (0.29) −26 (11) 0.36 0.66 0.33

VST 3.84 (0.39) 2.52 (0.46) −34 (14) 3.97 (0.54) 3.14 (0.34) −20 (12) 0.79 0.023 1.06

SN/VTA 0.71 (0.16) 0.54 (0.15) −22 (17) 0.79 (0.16) 0.62 (0.16) −19 (23) 0.29 0.79 0.18

Thalamus 0.44 (0.19) 0.38 (0.12) −7 (26) 0.53 (0.17) 0.47 (0.11) −5 (28) 0.46 0.99 0.07

GP 4.57 (0.74) 4.03 (0.6) −10 (16) 4.54 (0.9) 4.19 (0.65) −6 (15) 0.43 0.63 0.30

*Mean (SD). p values from linear model.

Post-MP post methylphenidate, ES effect size (Cohen’s d).

Fig. 1 Binding potentials (BPND) before and after methylphenidate
(MP). Circular markers are CHR. Triangular markers are HC. Blue are
baseline scans. Red are post-MP scans.
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except for one control subject who received his methyl-
phenidate administration and second PET scan 14 days after
his baseline scan.

Table 2 and Figs. 1 and 2 show the PET results. Main
effects of group and group by ROI interaction were not
significant for BPND, nor were there significant differences
between groups in any individual ROI. The main effect of
methylphenidate (model intercept for ΔBPND) was sig-
nificantly different than 0 (F(1, 156)= 78, p < 0.001) and
main effect of group reached trend level (F(1, 156)= 3.63,
p= 0.059). This was driven by ΔBPND in VST which was
significantly greater in CHR (−34 ± 14%) than in healthy
control subjects (−20 ± 12%; t= 2.29, p = 0.023). There
were no significant differences in ΔBPND between groups in
any other ROI. There was a strong correlation between
ΔBPND in VST and baseline total negative symptoms as
measured by the SIPS in the CHR group (r= 0.66, p < 0.01;
Fig. 3) in which greater displacement was related to less
negative symptoms. We also observed significant relation-
ships between greater ΔBPND in midbrain and greater
positive symptoms (r=−0.57, p= 0.03; Fig. 3) and a trend
for greater ΔBPND in thalamus with greater disorganization
symptoms as measured by the SIPS (r=−0.52, p < 0.06;
Fig. 3), although none of these relationships would survive

correction for multiple comparisons. No other clinical cor-
relations achieved significance (Table S2).

We followed patients for up to 2 years. Two of the
subjects developed syndromal schizophrenia within the 2
year follow-up time period, one at 3 months and one at
21 months. There were no significant differences in DA
transmission in any striatal region between converters and
nonconverters, although this finding is limited by the small
sample size.

Given the importance of the mesolimbic system to
depression [38], we examined whether there were differ-
ences in DA transmission among CHR individuals with and
without a diagnosis of major depressive disorder (n= 7
with and n= 7 without) and found no differences (p=
0.45). We observed similar results when we included a
patient with a diagnosis of dysthymic disorder in the group
with depression (p= 0.61). As expected, when examining
differences in DA transmission between CHR individuals
with and without a diagnosis of depression and control
subjects, we observed that CHR individuals still demon-
strated greater DA transmission in VST (p= 0.02 for both).
One of the subjects with MDD and the subject with dys-
thymia had active symptoms. All others were in remission.

Further, given that half of our sample met criteria for a
depressive disorder at some point in their lifetime, and
depressive symptoms could confound our observed rela-
tionship between negative symptoms and ΔBPND in VST,
we examined relationships between PET data (ΔBPND in all
regions) and total General symptoms (Table S2), which
captures depressive symptoms in item G2 (“Dysphoric
Mood”). We observed no relationships between ΔBPND in
any region and total General symptoms or item G2.

Similarly, given other important findings of cannabis use
in CHR individuals affecting DA release in striatal regions
[24], we examined whether there were differences in DA
transmission among CHR individuals with a previous
diagnosis of any cannabis or other substance use disorder
(N= 4; all four had cannabis use disorders; one had a

Fig. 2 Percent displacement (−ΔBPND) following methylphenidate.
Blue circles are CHR; Red triangles are HC.

Fig. 3 Regression of SIPS symptoms scores in CHR onto ΔBPND in the VST (R= 0.66, p < 0.01). SN/VTA (R=−0.57, p= 0.03) and
thalamus (R=−0.52, p < 0.06). Black markers are the data. The red line is the fit. The blue dashed lines are 95% confidence intervals.
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comorbid past LSD use disorder and another had a
comorbid, past alcohol use disorder) and control subjects.
There were no significant differences in any striatal region.

Further, nine subjects had comorbid anxiety disorders,
one had hypochondriasis, and one had an eating disorder.

The study procedures were very well tolerated. We
observed minimal change in total positive symptoms related
to the methylphenidate challenge (baseline: 15.36 (3.46),
post methylphenidate: 15.43 (3.32)) in patients. Two sub-
jects experienced nausea and two subjects vomited after
receiving their first [11C]-(+)-PHNO injections. All were
able to complete their scans. One patient developed mild,
transient anxiety after receiving methylphenidate and
another developed insomnia.

Discussion

This is the first study combining methylphenidate challenge
with an agonist ligand, [11C]-(+)-PHNO, for the D2/3

receptors. Using this novel paradigm we observe no dif-
ferences in baseline measures of receptor availability, which
is consistent with prior studies [39], and a larger
methylphenidate-induced [11C]-(+)-PHNO displacement in
the VST in CHR individuals compared to healthy controls,
indicative of excess DA availability in this striatal sub-
region. No abnormalities in DA transmission were observed
in the other striatal subdivisions or in extra-striatal regions.
The number of converters to syndromal psychosis (N= 2)
was too small to derive useful information regarding group
differences or relationships between DA parameters and
symptoms in these subjects. We also observed an inverse
relationship between VST DA transmission and severity of
negative symptoms, but no relationship to positive symp-
toms, and no change in positive symptoms induced by
methylphenidate. These results have potential implications
for our current views on the development of DA dysfunc-
tion in schizophrenia [40].

In healthy controls, our results show a similar gradient of
displacement across the striatal subdivisions as seen with the
amphetamine challenge where VST and SMST show more
displacement than AST [41]. Despite this similarity in healthy
controls across these two paradigms, the main group differ-
ence we observe here in CHR patients is in the VST, rather
than the AST, as we would have predicted from the [18F]
DOPA literature in CHR and its concordance with the find-
ings in schizophrenia, also showing excess amphetamine-
induced DA release predominantly in the AST [3–5, 23].
Furthermore, our results differ as we observe no difference in
synaptic DA at the level of the whole striatum [8]. There may
be several reasons for these topographical differences.

First, we will consider clinical factors that may inform
these differences. Subjects in the current study met criteria

for the APSS, whereas patients in other studies could have
also met criteria [3–5, 23] for the Brief Intermittent Psy-
chotic Syndrome which is, by definition, a CHR diagnosis
that is closer to syndromal psychosis than APSS. Therefore,
it is possible that the apparent discrepancies between this
and prior studies could reflect the differential effect of
pathogenic mechanisms along the temporal development of
psychotic disorders, where our subjects are earlier in the
disease process, and less symptomatic. This is supported by
the finding in the study of Mizrahi et al. that a stress task led
to a significant increase in positive symptoms in CHR
individuals [23], similar to psychostimulant challenge in
individuals with syndromal psychosis [42], while in our
study 60 mg of methylphenidate resulted in nearly no
change in positive symptoms. If this interpretation is cor-
rect, it also suggests that DA dysregulation may first be
observed in VST prior to other adjacent structures of the
striatum and may propagate later to other more caudal and
dorsal regions as the illness progresses toward frank psy-
chosis. This progression was observed in a prior study with
[18F]DOPA increasing from AST to SMST with a 2 year
follow-up in patients who transitioned to schizophrenia [7].
It would also suggest that with progression the magnitude of
VST DA excess may diminish. Such adaptations in the DA
system may occur over time. For example, it has been
suggested from preclinical studies that excess striatal D2

stimulation affects NMDA expression on VTA DA cells
and reduces the activity of these cells projecting to the
limbic regions [43]. This interpretation of the data merits
further replication in larger cohorts as it suggests that the
earliest dysregulation of DA may emerge in the VST, as
proposed initially by the mesolimbic hypothesis of schizo-
phrenia [40, 44]. It is also congruent with recent data from
clinical and preclinical studies emphasizing the importance
of excess glutamate in the hippocampus (and in particular
the CA1 subfield) [45–50] leading to increased DA cell
firing in VTA and increased DA release in the VST [51] by
reducing tonic inhibition onto DA cells.

Understanding the potential contribution of DA abnorm-
alities in the VST versus AST [52] has important implications
for the understanding of psychosis and schizophrenia, since
these striatal subregions differ in their topographical connec-
tions within the cortico-basal ganglia loops and their neuro-
chemical markers [6]. While both structures may be involved
in the prodromal phase of the disease emergence, our data,
based on the lower symptomatic burden, suggest that VST
may precede AST pathology.

Other cohort related differences may be due to medica-
tion effects. With the exception of the study of Mizrahi et al.
[23], substance use and nonantipsychotic psychoactive
medications were allowed in other studies [3–5], while only
patients without any current psychoactive medication use
and who were nonsubstance using were enrolled in the
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current study. In these studies, substance use may have
compromised DA transmission in the VST but not in other
subregions, since VST DA is particularly affected by drugs
of abuse [53]. In the current study, there were no differences
between CHR individuals with previous substance use
disorders (primarily cannabis) and those without, but the
small number of subjects involved in this observation and
the fact that none of the patients were actively using any
substances warrants caution in comparing this finding with
other studies [24].

It is also possible that our finding of increased DA trans-
mission in VST is related to depression, given the relevance
of the mesolimbic DA system to reward dysfunction in
depression [38]. Previous studies of amphetamine challenge
in depression have reported either no differences in DA
transmission in striatum [54, 55] or a trend level increase [56]
when compared with control subjects. Therefore, we exam-
ined whether there were differences in DA transmission
among CHR individuals with and without a diagnosis of
major depressive disorder and found no differences. As
expected, when examining differences in DA transmission
between CHR individuals with and without a diagnosis of
depression and control subjects, we observed that CHR
individuals still demonstrated greater DA transmission in
VST. In addition, there were no relationships between DA
transmission and depressive symptoms as measured by the
SIPS. Therefore, it is unlikely that the findings of this study
are related to comorbid depressive disorders.

Second, technical differences in data acquisition could
have led to the observed differences in results between stu-
dies. The Mizrahi et al. study [23] used 90min of scanning
with [11C]-(+)-PHNO which is adequate for reliable BPND
estimation in most regions. We scanned for 120min to allow
for accurate estimation in regions like the VST and GP where
washout is slow, but a possible limitation of our study is that
long scans combined with low activity (5–6mCi on average)
may have led to less reliable BPND estimation in dorsal
striatum, where washout is faster, than a shorter scan. To test
this possibility, we repeated the analysis in SMST and AST
with data truncated to 90min duration. We find that 90min
BPND estimates are within 2 ± 3% of the 120min measure-
ments in both groups and both conditions, and that ΔBPND
and group level statistical tests of ΔBPND are similarly
unchanged. Thus, it is not the case that failure to detect group
differences in dorsal striatum was due to long duration or low
counts. Another difference between our study and that of
Mizrahi et al. is the use of scanner with lower spatial reso-
lution (FWHM ~ 4.5mm at the center of the field of view on
the mCT used in our study, compared to ~2.7 mm on the
HRRT in Mizrahi et al.). The lower resolution will likely lead
to lower BPND due to increased partial volume effect. We
have shown previously though, that this effect is much less
pronounced in ΔBPND, essentially, because the lost resolution

cancels when the difference across conditions is normalized to
the baseline value [57].

It has been shown that the mass doses of [11C]-(+)- PHNO
used in this study (~2 μg unlabeled (+)-PHNO) may exceed
the tracer dose assumption of peak receptor occupancy by the
radiotracer of 5% or less at D3 receptors (not at D2) [58]. We
have shown previously that this is likely to have a modest
effect on measurement of occupancy by a competitive
antagonist [59]. The present setting is different, as the radio-
tracer and competitor (DA) are both agonists and there may
be effects at D3 receptors other than pure competition.
Importantly, though, both groups were exposed to the same
levels of PHNO mass, and so mass effects are unlikely to
account either for the observed group differences in VST, or
lack of differences in GP and SN/VTA, regions with large
contributions of D3 binding to [11C]PHNO BPND.

Another difference between our study and prior literature is
the psychostimulant challenge paradigm used here, which
measures DA reuptake inhibition, as opposed to DA synth-
esis, storage and release capacity [3–5] or stress-induced DA
release [23]. Differences in results could reflect differences in
the cellular mechanisms of DA dysregulation captured by
these different paradigms. Berry et al. examined DA synthesis
capacity and methylphenidate-induced DA reuptake inhibition
in the same subjects and observed no relationships [60, 61].
Alterations in DAT activity across the striatal subregions
could explain our findings, however, no studies to date have
examined the DAT across striatal subregions. This inter-
pretation will need further testing with specific DAT tracers.

We observed no group differences in extra-striatal regions.
In schizophrenia, data have been inconsistent and have
suggested increased [18F]DOPA uptake [62], while we have
previously observed a generalized deficit in DA release,
especially in the DLPFC and the midbrain, with [11C]
FLB457 imaging and the amphetamine-challenge paradigm
[63]. A study by Schifani et al. used [11C]FLB457 and stress-
induced release of DA and reported no differences in extra-
striatal DA release between CHR patients and control sub-
jects [64], similar to the finding in the current study. Tseng
et al. used [11C]-(+)-PHNO and stress-induced release of DA
and also observed no differences in extra-striatal DA release
between CHR patients and control subjects [65]. Interest-
ingly, Schifani et al. also reported no changes in positive
symptoms in CHR subjects in response to their stress chal-
lenge, which is also consistent with the current study. More
work is needed to gain a better understanding of extra-striatal
DA function in CHR individuals, but these studies do not
suggest widespread alterations.

We observed a strong correlation between ΔBPND in
VST and baseline total negative symptoms in the CHR
group (r= 0.66, p= 0.01) in which greater ligand dis-
placement (i.e., DA transmission) was related to less
negative symptoms. This is inconsistent with Mizrahi et al.
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who reported that greater stress-induced release of DA in
limbic striatum, GP, and midbrain, but not AST, was related
to higher baseline total negative symptom scores on the
SIPS in CHR individuals [25]. However, the findings of the
current study are consistent with a similar finding in a study
of DA depletion with [11C]raclopride in syndromal schi-
zophrenia [52]. The relationships between greater positive
symptoms at baseline and ΔBPND in midbrain are interest-
ing and consistent with findings from a study of nigral
neuromelanin in both CHR and individuals with schizo-
phrenia in which greater positive symptoms was related to
greater levels of neuromelanin [66].

There are some limitations to this study. Very few sub-
jects transitioned to psychosis upon follow-up and we have
a small sample size. Thus, we need to be cautious in
interpretation our data. Further, while the patients who were
included in this study are characteristic of those in our clinic
in terms of symptomatology [67], it is possible that the
subjects who were actually able to participate in this rig-
orous study were not characteristic of CHR subjects in other
ways. The evolution of patients in this risk category is
mixed, and it may be that the excess DA in VST is unrelated
to the emergence of schizophrenia. Second, we may not
have had sufficient power to detect either a relationship to
psychosis or even alterations in other regions. In VST,
where the effect size for ΔBPND was large (d= 1.06),
15 subjects per group would be required to obtain power of
0.8 for a test significance level of 0.05, and therefore a
replication study should be feasible with typical PET study
sample sizes. The next largest effect size was in SMST (d=
0.33) which corresponds to a sample size of 146 subjects
per group to obtain the same power and significance levels.
Thus, it is clearly not practical to measure this difference
with PET, nor is it clear that such small differences in
displacement (29% vs 26%) are clinically meaningful. In
addition, it is possible that the methylphenidate blood levels
might have differentially changed over the course of the
120-min PET scans, which could have confounded the
results. Finally, while the use of a reference tissue approach
to analysis eliminates the need for invasive arterial cathe-
terization and is commonly used in [11C]-(+)-PHNO studies
[23, 24], we cannot rule out the possibility that there were
effects of methylphenidate on cerebellum that differed by
group. While this possibility cannot be tested rigorously
without the use of an arterial input function, analysis of the
cerebellum time activity curves showed no evidence of this
(See Supplement). Nevertheless, this study demonstrates the
safety of studying DA availability in CHR with methyl-
phenidate as a challenge paradigm and reveals intriguing
observations about the possible role of VST in the early
stages of risk and in the genesis of negative symptoms.

In summary, we demonstrate here that methylphenidate
challenge is associated with increased DA transmission in the

VST in CHR individuals, though not in any other brain
regions. We also demonstrated an inverse relationship
between VST DA transmission and negative symptoms, but
not with psychosis-like symptoms. This study, taken together
with evidence from cross sectional studies in first-episode
psychosis and other work in CHR individuals discussed
herein, indicates that striatal DA alterations may progress in a
temporo-spatial pattern, in a manner analogous and poten-
tially pathophysiologically linked to the spread of hippo-
campal dysfunction in early psychosis [45, 51, 68, 69].
Striatal DA alterations may also precede extra-striatal altera-
tions in the pathogenesis of psychotic disorders, although
longitudinal follow-up is needed to ascertain what proportion
of this sample will actually show other pathology. Future
studies would benefit from longitudinal imaging with multiple
ligands capable of fully sampling cortical and striatal regions
(e.g., [11C]-(+)-PHNO and [11C]FLB457), combined with
clinical evaluations to track disease trajectories. This will
allow for the development of focused, stage dependent,
therapeutic or preventative interventions.
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